LQTS, known as the Jervell and Lange-Nielsen syndrome. 8 The incidence of LQTS is not specifically known, but mortality is high among untreated symptomatic individuals, between 5% to 20% per year within 1 year of the initial syncopal episode.5'7'9 The pathogenetic mechanisms of LQTS are also unclear, but several hypotheses exist. At present, the two hypotheses believed to be most likely include (1) an imbalance in cardiac sympathetic innervation or autonomic tone3-5 and (2) an intracardiac abnormality probably related to the control of potassium currents.6,10'1' In an attempt to help determine the underlying cause of LQTS, investigators have attempted to localize the gene responsible for this disorder. Initial gene localization was proposed by Itoh et al12 when they suggested linkage of LQTS to the human leukocyte antigen (HLA) complex on the short arm of chromosome 6 (6p) in a single family. Weitkamp and Moss initially confirmed this finding13 but subsequently questioned this linkage using HLA typing studies and Pedscore analysis.14 Giuffre and coworkers15 definitively excluded linkage to the HLA region using molecular genetic linkage studies using restriction fragment length polymorphisms (RFLPs) .
Genetic mapping by linkage analysis, which takes advantage of genetic recombination between homolo-gous chromosomes during the process of meiosis, depends on the close proximity of loci. When two loci (or disease locus and marker) lie 
Methods

Phenotypic Characterization of Families
Twenty-three pedigrees (262 family members) with characteristic medical histories were identified in cardiology divisions in the United States and Europe and in the International Long QT Syndrome Registry in Rochester, NY. After informed consent was obtained and subject enrollment in the study was completed, a history and ECG were obtained. To avoid bias, the phenotype of each individual was determined before genotyping was initiated. Phenotypic criteria were similar to those described by Keating et al17"18 and included history of recurrent syncope, family history of sudden death, and ECG findings of prolonged QT, with or without documented polymorphic ventricular tachycardia, bradycardia, sinus pauses, or T-wave alternans (Fig 1) (Fig 2) identifying known restriction fragment length polymorphisms (RFLPs) and having known map positions on chromosome 11 were used (Table  2) for Southern blot analysis (ATCC). The DNA probes were labeled to > 10' cpm/,ug with [a-32P]dCTP (Amersham) by the method of Feinberg and Vogelstein.29 Hybridization was carried out by the method described by Church and Gilbert30 at 65°C overnight using random primer labeling kits (BoehringerMannheim Biochemicals). All hybridized blots were washed and autoradiographed as described previously.27 Linkage analysis was performed using the LINKAGE (V5.03) program package.16'3' Pairwise LOD scores were calculated for all pairs of loci by using the MLINK program.3' Genetic heterogeneity was analyzed by the HOMOG program, version 2.51.21 Three investigators analyzed the RFLP pattern identified by each specific DNA probe, independently and in a blinded fashion. Autosomal dominant inheritance of the LQTS gene was assumed with a penetrance of 0.90 and a gene frequency of 0.001.'7 1" Male and female recombination fractions were assumed to be equal. Conversion between recombination functions and genetic distance was carried out using the formula described by Kosambi. 16 Polymerase chain reaction (PCR) amplification was performed with the Amplitaq (Taq polymerase) enzyme (Cetus Corporation) using the manufacturer's recommended conditions in a thermocycler (Perkin-Elmer-Cetus). Reaction volumes of 100 ,L starting with 100 ng of genomic DNA and 100 pmol of each oligonucleotide primer were denatured at 94°C, annealed at 65°C, and extended at 65°C for 30 cycles. The amplified product was radiolabeled by end-labeling of one oligonucleotide primer (THI) using T, kinase and 
Results
Clinical Studies
Available members of the 23 families were examined, and phenotypes were determined according to the criteria described in "Methods." Family pedigrees were constructed based on family history (Fig 3) , and phenotypic status (ie, affected, unaffected, or unknown) was based on the QT, plus symptoms, as described in "Methods" and shown in the pedigrees (Fig 3) Twenty-three families with LQTS were analyzed for linkage to H-ras-1 (pTBB-2)34 and llpl5 flanking markers (phins 310, phins 311, pADJ762, and TH PCR).3235-37 Pairwise and multipoint LOD scores were generated for all 23 kindreds, and genetic heterogeneity was evaluated.
LOD scores from the two-point analysis of the markers pTBB-2 (H-ras) and TH are shown in Table 3 . When the entire set of 23 families was analyzed for linkage to the chromosome 11 -H-ras probe pTBB-2 (Table 3a) , a maximum LOD score of +4.0 at 0=0.21 occurred. A single family, family 007, had a maximum LOD score of +3.038 at 0=0 (Fig 4a) . Three additional families (004, 016, and 018) had LOD scores of more than + 1.0 by themselves, and 9 more were more than 0 (001, 002, 003, 006, 009, 012, 013, 017, and 019). Taken together with the results of Keating et al,17,18 this was highly suggestive of true linkage of LQTS and pTBB-2 in these families. However, an additional 8 families had negative LOD scores (008, 011, 014, 015, 020, 021, 022, and 023), three of them less than -2 (014, 020, and 021), effectively excluding the immediate H-ras region from linkage. In addition, multiple obligate recombinants occurred. Similar, although less marked, results were obtained with the microsatellite PCR marker TH (Table 3b and Fig  4b) , the maximum LOD score of the combined families being +2.7 at 0=0.24. Again, the families fell into two (Fig 3) . When the 23 families are analyzed as a set, the maximum LOD score is +3.17, occurring 24 cM distant from pTBB-2. This maximum LOD score is lower and occurs further out from pTBB-2 than the two-point LOD score with pTBB-2 alone. The reason for this is that families 008, 010, 017, 021, and 022 have large negative LOD scores with TH, whereas they are either positive (but not fully informative), uninformative, or less dramatically negative (but not fully informative) with pTBB-2, overpowering the negative LOD score for pTBB-2 with family 023, for which data were not available with TH. The effect of this is to decrease the maximum LOD score and push it further from the pTBB-2-TH region.
The multipoint data were also examined for evidence of heterogeneity. HOMOG was used to analyze the multipoint LOD scores from 100 cM surrounding the pTBB-2-TH interval (50 cM on each side) at 1-cM increments in intervals of 11 cM. Again, heterogeneity was supported with a maximum ln(likelihood) of 13.1 and a=.45 at pTBB-2. Homogeneity with linkage was excluded from this 10-cM interval, but showed a maximum ln(likelihood) of 6.3 at -25 cM from pTBB-2 (placed at map position 0 in Fig 5) The assignment is made in terms of probabilities. In fact, in this study, only one family meets standard statistical criteria for linkage, whereas 4 families meet statistical criteria for nonlinkage. This is not surprising given the small size of several of the kindreds. Due to these factors, the fraction of families in the population expected to be linked to the H-ras-1 locus cannot be stated with certainty based on our results. These findings do, however, imply the existence of at least two genes causing LQTS, only one of which is linked to the markers being studied. When faced with such a mixture of families (ie, linked and nonlinked), it may be tempting to separate these kindreds into two groups based on the linkage results. However, in the absence of demographic or phenotypic traits delineating the groups, this is unacceptable because the investigator would be required to use judgment to form the separate groups from the mixture of families, thereby adding extra information not contained in the data. This additional information could inflate the evidence for the presence of two distinct family types. A superior way to evaluate these families would be to analyze the families as a whole using a model allowing for admixture, such as with the HOMOG computer program.16'2' In the simplest model, two family types exist -a denotes the proportion of type 1 families (linked), and 1-a denotes the proportion of type 2 families (unlinked). The recombination fraction (0) in type 1 families equals 01, whereas that in type 2 families is 02= 1/2. The heterogeneity hypothesis (H2) then formulated suggests H2:a-1, 0<1/2; homogeneity (H1) occurs when a= 1, ie, the families share a common recombination fraction (0). In this study, the 23 families were analyzed in this way, and genetic heterogeneity in LQTS was confirmed (P<.0001).
The importance of the finding of genetic heterogeneity is multifaceted. First, H-ras-1 has been a reasonable candidate gene as the cause of LQTS because of the tight linkage and lack of obligate recombinants found in earlier studies17"18 as well as the possible physiological significance of the ras proteins in relation to the hypothetical pathological mechanisms for LQTS. 42 well-described families with LQTS that are informative at the H-ras-1 locus, the fact that genetic heterogeneity exists will make the diagnosis more difficult and increase the potential for error. Risks predicted for LQTS will need to be corrected for the probability that the disease in the specific family is linked to H-ras-1, as described by 
